European Community Directive 2002/95/EC restricts the use of certain hazardous substances in electrical and electronic equipment. In particular, restrictions are placed on lead, mercury, cadmium, hexavalent chromium, and bromine (in polybrominated biphenyls or polybrominated diphenyl ethers). XRF is a convenient method for detecting the presence and measuring the amounts of these elements. Reliably quantifying all of these elements in plastics typically requires a large number of standards that are not yet readily available. Because of the light element matrix, using a "standardless" fundamental parameters method requires some reliance on the primary beam scatter, complicating the analysis algorithm and increasing the uncertainty. We have tested a simplified fundamental parameters method that determines the matrix via difference, requiring only one standard. The method was tested on a series of reference materials containing all of the regulated elements in a variety of plastic resins. One multi-element reference standard was used. It was necessary to include all of the additives in the specimens to achieve good quantitative accuracy. In addition, the scattered primary intensity was used in one set of tests to compensate for variations in specimen thickness. This thickness compensation was necessary to get acceptable results for Cd. Results were very promising, with average relative errors and relative standard deviations of about 10%.
INTRODUCTION
The issuance of European Union Directive 2002/95/EC (also known as the RoHS directive) has stimulated increasing interest in the quantitative analysis of trace heavy elements in plastic resin matrices. RoHS limits the use of Cd, Pb, Hg, Cr 6+ and Br in PBB and PBDE fire retardants in components comprising consumer electronics and electrical goods. Target levels in a given homogeneous material found in a product component are < 1000 ppm for Pb, Hg, Cr 6+ and Br and < 100 ppm for Cd.
X-ray Fluorescence (XRF) spectroscopy is coming into wide use to determine if materials and components are compliant with the RoHS directive because of its ability to provide reasonably accurate results with little or no sample preparation; its sensitivity to the regulated elements at the appropriate levels; and its immediate results. XRF provides a direct measurement for Cd, Pb and Hg. Typically, a passing XRF measurement limit is set below the regulatory limit and a failing XRF measurement limit is set above the regulatory limit to account for accuracy and precision of the technique. Materials with XRF measurements which lie above the passing limit but below the failing limit must be analyzed by other techniques such as ICP. Since XRF can only be used to measure total Cr and Br content, rather than Cr 6+ and Br in certain compounds, the technique is used to screen for passing materials and materials which need to be analyzed further. All materials are covered under the regulation including plastics, metals, and glasses but certain exceptions do exist. Typical XRF quantitative methods, including many standardless fundamental parameters methods, work well for metals and glasses, where all of the constituent elements are observable. This work focuses on plastics, where the resin matrix is not directly observable.
MEASUREMENTS
All of the materials measured in this work were reference materials with certified compositions. One specimen was used as a standard in the analysis and the others treated as unknown. The specific sources and the materials used were: ERM -EC680 (polyethylene) and VDA series (Cd in polyethylene) from the Institute for Reference Materials and Measurements; PE-H-04A (polyethylene, high loading), PE-L-04A (polyethylene, low loading), PVC-H-04A (polyvinyl chloride, high loading), and PVC-L-05A (polyvinyl chloride, low loading) from Analytical Reference Materials International; and JSAC 0615 (polyester, high loading) and JSAC 0614 (polyester, low loading) from the Japan Society for Analytical Chemistry.
The materials were measured as-received, without any specific preparation. Many of the materials were supplied as discs. These were measured by presenting them directly to the beam in the XRF instrument. Some materials were received as pellets. These were placed in 31 mm diameter XRF sample cups before presenting to the beam. The thickness of plastic in the specimens varied from about 4 to 14 mm. The thickness for the pellet specimens was estimated from the total weight of material. Each specimen was measured at 3 to 7 different locations, with an independent spectrum taken at each location. The measurements were made on an Eagle III XRF spectrometer with an 80 mm 2 Si(Li) detector. The primary excitation was supplied by a Rh tube operated at 50kV and 1 mA. The only optic in the primary beam was a 2 mm aperture used to define the beam. This size aperture was chosen to illuminate a larger area of the specimen and thereby reduce inhomogeneity effects. A 127 µm (0.005 inch) Mo filter was used in the primary beam to reduce the Rh Kβ lines. These lines overlap somewhat with the Cd Kα lines, improving the detection limits for Cd to well below the regulatory level mentioned above.
CALCULATIONS
The fundamental parameters calculations employed in this work are identical to those reported earlier for bulk specimens and thin layers [1] . A single standard was used to determine the slope of the calibration curve for the elements contained in the standard. For elements present in the specimen being treated as an unknown, and that were not present in the standard, the calibration slope was the average of the standard elements. A fundamental parameters calculation was performed on the standard and used to remove the matrix effects before the calibration curve was generated. In this method, all of the calibration coefficients would be identical if the fundamental parameters calculations (and the measurements) were perfect. For a complete discussion of this approach, see the C=KIM framework in the calibration section of LaChance and Claisse [2] . With at least one standard used in this fashion, the absolute weight fractions are obtained from analysis of the characteristic line intensities in the XRF spectrum. The weight fraction of any elements not observed in the XRF spectrum can be determined simply by subtracting the sum of the fractions of the observed elements from 100%.
Since the plastic resin matrix is the majority component and consists of hydrogen, carbon, nitrogen, and oxygen, the fundamental parameters method described above cannot simultaneously determine the matrix fraction (that is, the fraction of elements not directly observed) and the thickness of the specimen. Some additional measured information must be included to estimate the thickness. The extra information from scattered intensity can be used to determine an additional specimen parameter. Specimen thickness was found to be the most important parameter for analysis of trace elements emitting high energy X-ray lines in plastics.
To take advantage of the scattered primary intensity, the fundamental parameters calculation must include a calculation of the scattered intensity. To accomplish this, we have used the coherent (or Rayleigh) scatter cross-sections from Kissel [3] . Inclusion of the Doppler-broadened incoherent (or Compton) scatter was found to be important to compare the net peak intensities to the measured spectrum. This Compton profile was calculated using the prescription of Brusa [4] . The equations for calculating the scattered intensity are given in a convenient form by van Sprang [5] .
The use of the Mo filter made it difficult to determine the scattered intensity in the measured spectrum via conventional peak integration. An alternate method was used. A small region of the expected scatter spectrum between 17.0 and 21.5 keV was generated from the fundamental parameters calculation and the measured detector resolution. The calculated spectrum was fit to the measured spectrum in this region using linear least squares. The result of this fit was a ratio of calculated to measured intensity.
The Rayleigh and Compton scattered intensities were fit separately but only the sum was used to determine the thickness. The thickness was adjusted during the iteration until the ratio of calculated to measured intensities agreed with the ratio from the standards. Iteration was continued until the concentrations and thickness changed by less than 0.1%. The effect of this thickness on the characteristic line intensities is automatically included via the fundamental parameters calculation for a thin sample. Note that since the scattered intensities are near the Cd K characteristic emission lines, they have excellent sensitivity to thicknesses in the range appropriate for compensating for thickness effects on this element.
To summarize, the weight fraction of each observed element was determined via its characteristic line intensity and the calibration coefficient from the standard. The matrix fraction was determined via balance from the observed element fractions, and the thickness was determined from the scattered primary intensity relative to the standard.
RESULTS AND DISCUSSION
The results using a single spectrum (from a single location) of the polyvinyl chloride (PVC) with higher loading as a standard are presented in Table I . The columns are the average relative error and the relative standard deviation computed against the certified values for each material. The number in the last column is the number of individual measurements (peaks) that contributed to the averages and standard deviations. To evaluate the method used here, the average relative errors and relative standard deviations must be compared to other methods of quantitative analysis. Two simple comparisons were made to bound the expected errors. The first was a calculation of the relative standard deviation against the average measured values for each material, ignoring the certified values. This is the best that any quantitative analysis method could be expected to achieve. Note that only the standard deviation can be calculated via this process. For Hg, Pb, and Br, the variations with location are about 30%.
The other bound is the result of a simple linear calibration using the standard as a reference. This does not take into account any changes in matrix or other inter-element effects away from the precise composition of the standard. As expected, inter-element effects play a significant role in these materials and the fundamental parameters method performs much better than a simple linear calibration.
In addition to the regulated elements, two other elements are included in the table. The first is Cl, which is a major constituent (about 36%) of the resin in polyvinyl chloride (PVC). This element is tracked in this and subsequent tables because of its importance in matrix effects. These will be discussed below. The second element is Se. This element is an example of an element present in some of the "unknowns" but not present in the standard. The fundamental parameters method used here is capable of quantifying elements not present in the standard. Se serves as an accidental example of this type of element and gives an indication of the accuracy of this type of determination. Se was found in 4 samples. Two of these were submitted to a commercial laboratory for analysis via ICP and this was used in place of a certified value to compute the errors. Note that Se can not be quantified via linear calibration in the "worst" scenario above. The standard deviations for Se are all small since there are only 4 measurements, all in the same matrix made from the same resin.
Results using the higher-loading polyethylene (PE) sample as the sole standard are given in Table II . This provides no standard for Cl. Note that almost all averages are much worse and negative. This is because the Cl content determined for PVC is wrong by almost 50%, thus making poor matrix corrections for PVC and throwing off all PVC results. The 2 columns to the right in the table give selected results without including the PVC data. The errors without including the PVC samples are comparable to those in Table I . Results using JSAC 615 as the standard are similar. Note that the Se averages are much better, since Se is in a polyethylene matrix (the same matrix as the standard), even though there is no Se in the standard. This shows the advantage of having a standard similar to the unknown, even if the analyte element is not present in the standard.
Results using EC680 as the only standard were much worse, particularly for Cl and Cr. EC680 is a very well characterized Certified Reference Material containing all of the regulated elements in a polyethylene matrix. It does contain Cl, but the level (810 ppm) is below the limit of detection with the Mo filter used here. Thus, the Cl quantification was very poor using this standard. For Cr, it was discovered by checking the certification report for this material [6] that it contains approximately 0.1% Ti (added as TiO 2 for appearance). This has a very strong matrix effect on Cr and made it difficult to accurately quantify the amount of Cr. The material also contains even larger amounts of S and Ba, together with significant amounts of Zn and Cu. The certificate does not mention the presence of Ti, so it was not initially included in our analysis. Including Ti significantly improves the Cr results but they are still not as good as using the other materials as standards. In all of the above results, the Cd averages and standard deviations are significantly worse than the other elements and above what is expected based on the "best" and "worst" bounds in Table I . Since the Cd K lines are near 23 keV, the specimens used here are not infinitely thick for Cd. The thickness was determined independently using the method outlined earlier in the text. The results of including corrections for the thickness using this independent determination from the scattered radiation intensity are given in Table III . Note the improvement in the Cd results, with little change in the other elements.
CONCLUSIONS
Based on these results, the following conclusions can be drawn in regard to accurate analysis of regulated elements in plastic resin matrices via XRF. All elements present must be included in the FP calculation. Even concentrations of additives < 0.1% can be important, since the plastic matrix is not very absorbing. Accurate determination of Cl is very important for elements in PVC. This can only be accomplished by using a PVC standard. PE standards are adequate for all plastics other than PVC. The low Cl and Cr contents and the matrix effect of the Ti additive on Cr make EC680 a poor standard for determination of Cl or Cr. Correction for specimen thickness is important for accurate Cd determination. With these recommendations, careful use of fundamental parameters can provide quantitative results at the uncertainty level of the underlying measurements.
